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ABSTRACT
This study defines the source of trichloroethylene (TCE) and perchloroethylene
(PCE) contamination in the Ashumet Valley Plume, and evaluates the potential for
natural attenuation of these compounds. TCE and PCE, putative carcinogens, were
chosen for study because previous studies have shown that the estimated risk for
household consumption of groundwater on the Upper Cape, based on exposure to
maximum allowable contaminant levels, exceeds USEPA guidelines.
Natural attenuation has been shown to be a viable bioremediation strategy under
certain conditions. This study uses a mass balance approach to show that the TCE and
PCE input masses are approximately equal to the mass of contaminants still found in
groundwater at Ashumet Valley. Therefore, although it can be argued that some
biodegradation is occurring, it is not significant enough to justify a full scale natural
attenuation strategy.
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1. INTRODUCTION AND BACKGROUND
1.1 MMR Site Description
The Massachusetts Military Reservation (MMR) is located on the upper, western
portion of Cape Cod, Massachusetts. The MMR covers 22,000 acres within the towns of
Bourne, Mashpee, and Sandwich (Figure 1-1). It abuts the town of Falmouth and is
bordered on the west by State Route 28 and on the north by U.S. Highway 6. Since 1991,
the MMR has hosted various branches of the Armed Forces.
At its peak, the MMR was the primary staging ground for World War II and home
to over 10,000 soldiers. The industrial and military activities associated with the MMR
have had far-reaching impacts upon the environment of Cape Cod. In 1989, as a result of
widespread groundwater contamination in the area, the MMR was placed on the National
Priority List of Superfund sites.
1.2 Population and Demographics
The MMR has a year round population of approximately 2,000. Additionally,
there are approximately 800 non-resident employees of the MMR. The population of the
four towns that border the MMR fluctuates between the winter (29,000) and the summer
(70,000) due to the large number of summer vacationers that visit Cape Cod. The
Western, or Upper, Cape registered a population growth of 35% between 1980 and 1990.
However, this area is still considered to be sparsely populated in relation to the rest of
Cape Cod. The median age of residents of Barnstable County, which encompasses the
entire Cape, is 39.5 years. This county has the highest percentage of residents over age.
65 (22%) of any county in Massachusetts (Choi, et al., 1997).
2. ASHUMET VALLEY
This study focuses on the wastewater plume in the Ashumet Valley (Figure 2-41).
In particular, the health of Ashumet Pond and the eventual fate of the contaminants
downgradient relative to drinking water sources are of concern.
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2.1 Site Location and Description
The Ashumet Valley area of Falmouth, Massachusetts, is located near the
southern boundary of the MMR, downgradient of the two source areas (Figure 2-1). To
the east, the plumes exfiltrate into Ashumet Pond. Sandwich Road runs along the
approximate western boundary of the plume. Much of the area is forested or residential.
A golf course is located between Sandwich Road and the southwest corner of Ashumet
Pond.
Ashumet Pond is an example of one of the many "kettle-hole" ponds on Cape
Cod. The pond is formed by the intersection of the groundwater table with a kettle
depression formed by a melted glacial ice block (K-V Associates, 1991). Aside from the
groundwater feed, Ashumet Pond has a small inlet from drained cranberry bogs and no
noticeable surface outlet.
2.1.1 Meteorological Conditions
The climate in the Ashumet Valley region is considered to be humid continental
that is modified by close proximity to the ocean. The mean annual rainfall is around 50
inches per year. Net precipitation (total rainfall minus evaporation and other runoff) is
around 20 inches per year (ABB, 1995). During a normal year, rainfall is fairly evenly
distributed among the months. However, as much as five to six inches may fall during
single 24-hour rainfall events, which are produced by occasional tropical storms
intersecting the Cape.
Prevailing winds are from the northwest in the winter months, and from the
southwest during the remainder of the year. Wind velocities range from a mean value of
nine miles per hour from July through September to an average of twelve miles per hour
during the fall and winter months (ABB, 1995).
2.1.2 Geology
Ashumet Valley is located on what is known as Inner Cape Cod. This region was
primarily formed by glacial deposits. These deposits are composed of sands and gravels
washed from three different glacial lobes during the Wisconsinian period, 7,000 to 85,000
I.
MMR
/ ./
Location
Crooked
Pond
LEGEHD
i( OOV
COONAMESSETT RIVER
YALLEY
'ATER OPERABLE l
• 1,6uz h-i. Asnume[ vaiIey ?lume
11
Location Map (adapted from ABB, 1995)
i
years ago (ABB, 1995). A fan-shaped concave plain called the Mashpee pitted plain
covers the Ashumet Valley. This is formed mostly of gravely sand and pebbly-to-cobbly
gravel. A few boulders may also be found in the area.
The Inner Cape consists of moraines formed by the melting and advancing of
glaciers. These moraines are predominantly composed of till. Subsequent advancing and
retreating of glaciers around the Cape led to the development of kettle hole ponds by ice
that remained and later melted (ABB, 1995). Ashumet Pond is one such kettle hole pond.
Soil profiles in the pond watershed show sandy topsoils with sandy loam to
gravely sand underlain by sand or gravel. The topsoil, which extends roughly 2 to 4 ft
below ground surface, is predominantly composed of Agawam and Enfield sandy loams.
The Agawam soils are well-drained and are capped by a sandy loam surface about 3 to 6
ft in depth. The appearance of gravel is common in the topsoil. The Enfield sandy loam
is distinctly more crumbly and silty than the Agawam loam. Beneath the topsoil lies
approximately 150 ft of generally well sorted, light brown, medium to very coarse sand
with some presence of gravel. Below this layer exists approximately 100 ft of very fine
sand with some silt. These unconsolidated deposits, which are highly permeable, sit on a
crystalline bedrock that is predominantly granodiorite. The bedrock elevation dips in a
southeast direction towards Ashumet Pond.
2.1.3 Hydrogeology
The groundwater flow system ofwestern Cape Cod is unconfined. Groundwater
flows radially outward from a water table mound located to the north of the study area.
This water table mound has a maximum hydraulic head of about 70 ft above sea level. In
the study area, groundwater flow is southward and water table elevations range from 44
to 49 ft above sea level. During periods of increasing pond stage, hydraulic gradients in
the area between the infiltration beds and the pond increase and groundwater flow
directions shift eastward toward the pond. Groundwater flow upgradient from the pond, is:
predominantly horizontal. Vertical gradients near the pond shore are significantly higher
because of the strong local effect of the pond.
Water levels in the sand and gravel aquifer and in Ashumet Pond fluctuate
seasonally; both are higher in the spring and summer months than in the autumn and
winter months. Ashumet Pond is hydrologically well connected with the aquifer, and the
pond is an expression of the local water table. Ashumet Pond has no significant surface
inlet or outlet. The pond exhibits a flow-through condition in which groundwater
discharges to the northern, or upgradient, part of the pond. This discharge occurs
primarily along the pond shore, and pond water recharges the aquifer from the southern or
downgradient part of the pond.
Precipitation is the sole source of natural recharge to the aquifer, and groundwater
discharges to streams and coastal embayments. Groundwater flow occurs primarily
within the coarse grained sediments. The saturated thickness of these sediments is about
120 ft in the study area.
2.1.4 Environmental Setting ofAshumet Pond
Because of heavy recreational use, the welfare of Ashumet Pond is a high priority
for the many year-round and seasonal residents of Cape Cod. Ashumet Pond has two
public landings, one in Falmouth and one in Mashpee. The Falmouth Landing lies on the
western side of the pond and opens up to Fisherman's Cove, while the Mashpee Landing
lies on the northeast corner of the pond. Both landings provide access for residents to the
beaches and for recreational activities such as swimming, power boating, sailboating,
canoeing, and fishing.
Ashumet Pond is managed as a fisheries resource by the Massachusetts Division
of Fisheries and Wildlife. Since the 1930's, the pond has been stocked with different
species of fish. Before 1956, Ashumet Pond was stocked with smallmouth bass,
bullheads, catfish, Chinook salmon, white perch, yellow perch, chain pickerel, sunfish,
rainbow trout, brown trout, and brook trout (Choi, et al., 1997). Currently the pond is
stocked with rainbow trout, brook trout, yellow perch, and smallmouth bas& Other fish
species currently living in Ashumet Pond are largemouth bass, banded killifish, golden
shiners, eastern brook trout, and brown bullheads. In addition, a number of
phytoplankton and zooplankton live in Ashumet Pond, which are relatively sensitive to
infiltration of contaminants (Choi, et al., 1997).
3. SOURCES OF CONTAMINATION
The Ashumet Valley area is one of the areas most affected by activities on the
MMR. There have been two major sources of contamination to the Ashumet Valley
Region. The first source is known as Fire Training Area Number I (FTA-1). Through
the use of FTA- for military fire training activities, there is a plume emanating from this
site that is composed of hydrocarbons from jet fuel, including benzene, toluene,
ethylbenzene, and total xylenes (BTEX), and chlorinated organic compounds such as
trichloroethylene (TCE) and perchloroethylene (PCE). Previous studies predict the
southern toe of the plume will reach Green Pond by about the year 2015 (OpTech, 1996).
The second major source of contamination to Ashumet Valley is the MMR
Sewage Treatment Plant (STP), located approximately 1600 ft upgradient of Ashumet
Pond. Wastewater disposal from the STP began at this site in the 1930's. Since that time,
it is estimated that nearly 10 billion gallons of wastewater have infiltrated to the
groundwater that eventually flows towards Ashumet Pond. As a result of this wastewater
disposal, there is now a plume originating from the wastewater disposal beds that
contains high levels of dissolved solids, chloride, sodium, boron, detergents, and various
forms of nitrogen and phosphorus. Chlorinated solvents and arsenic have also been
detected in the wastewater plume at levels above maximum contaminant level (MCL)
guidelines for drinking water published by the U.S. Environmental Protection Agency
(USEPA). Groundwater samples taken at Fisherman's Cove reveal elevated
concentrations of phosphorus and other sewage chemicals, demonstrating that the sewage
plume intercepts the groundwater flow discharging into Ashumet Pond.
3.1.1 Fire Training Area (FTA-1)
Former Fire Training Area 1 (FTA-I) is located 500 ft north of Kitfedge Road:
near the southern boundary of the MMR (see Figure 2-1). It consists of a level, cleared
area of approximately three acres of land that was used by the MMR fire department for
fire training exercises from 1958 to 1985. The area was closed in November 1985 due to
air emissions permitting difficulties.
Six to 16 fire training exercises per year were conducted in designated areas of
FTA-1. Flammable waste liquids from the flightline area were burned and extinguished
with water, foam, or dry chemicals. The residual mixture was allowed to infiltrate
overnight and then burned off the next day to eliminate any remaining fire hazard. The
materials burned include jet fuel, aviation gasoline, motor gasoline, diesel fuels, waste
oils, solvents, paint thinners, transformer oils, and spent hydraulic fluids. Substances
used to extinguish the fires include carbon dioxide, protein foam, aqueous film-forming
foam, a bromine-based dry powder, and liquid chlorobromomethane.
Several previous investigations have been performed by ABB (1995), Operations
Technology (1996), and others to document site history and the nature and extent of
contamination. These studies concluded that, although several chemicals impacted soils
and groundwater downstream of FTA-1, the estimated risks are within or below the
acceptable USEPA target Hazard Index. Consequently, the effects of the contaminants
associated with the FTA-1 plume are discussed in this study only as they pertain to
containment issues.
3.1.2 Sewage Treatment Plant (STP)
The STP on the MMR was built in 1936 to treat, on average, a capacity of 0.9
million gallons per day (mgd). In 1941, the plant was expanded to an average capacity of
3 mgd, with a peak capacity of 6 mgd (Shanahan, 1996). The sewage treated at this plant
was alternately disposed of in 20 half-acre sand infiltration beds. The original design
called for only eight beds to be operational at any given time, with occasional rotation of
the beds. However, from 1977 to 1984 only the four infiltration beds nearest to Ashumet
Pond (Figure 2-1) were used (LeBlanc, 1984b). In order to dispose of treated wastewater,
the infiltration beds were flooded with wastewater, which then slowly percolated to the
groundwater.
Following World War II, the number of troops stationed at the MMR decreased.
Consequently, flow to the treatment plant decreased significantly as well. In fact, the
average flow during the 1980s and 1990s was less than 0.3 mgd (Shanahan, 1996). As a
result of the large amount of unused capacity, as well as the aging of the plant, the plant
was decommissioned in December, 1995. A smaller plant was then brought online next
to the location of the old plant, and use of the infiltration beds ceased.
The first recognition that groundwater was being contaminated by the wastewater
occurred in the 1970s. At this time, the Town of Falmouth closed a public water supply
well located 9,000 ft downgradient of the wastewater treatment plant because water
coming from the well was foaming. The foaming was determined to be a direct result of
detergents that had entered the groundwater from the wastewater infiltration beds. In
1977, the U.S. Geological Survey (USGS) conducted a study which showed that the
plume of contaminated groundwater originating from the wastewater treatment plant
extended more than 11,000 ft downgradient of the disposal beds and had a width of 2,500
to 3,500 ft (LeBlanc, 1984a). Currently, the Ashumet Valley plume, as defined by water-
quality characteristics such as boron, pH, specific conductance, sulfate, nitrate,
phosphorous and dissolved iron, extends more than 17,000 ft from the wastewater
treatment plant (Walter, 1995).
4. PROBLEM STATEMENT AND OBJECTIVES
4.1 Problem Statement
Since there are two sources identified for the Ashumet Valley Plume, some debate.
has ensued over the source of PCE and TCE in the plume. This portion of study will
examine the two sources and make a preliminary determination for which source has
more significantly contributed to PCE and TCE contamination. Previous studies (ABB-,
1994, ABB, 1995, OpTech, 1996) have shown that the estimated risk for household
consumption of groundwater on the Upper Cape, based on exposure to MCLs, exceeds
USEPA guidelines. The contaminants of concern in drinking water include TCE and
PCE, which have been shown to be carcinogenic (EPA, 1985; National ToxicolJog
Program, 1988; Encyclopedia of Chemical Technology, 1991).
Some contaminants can be reduced in concentration by natural processes such as
dispersion. Additionally, studies have shown that TCE and PCE are susceptible to
biological degradation under conditions described in Section 4.3.1 (Hinchee, 1995b;
Hinchee, 1995c; Weidemeier et al., 1996a). These natural processes are known as natural
attenuation. Indicators for natural attenuation include the presence of intermediate
degradation products. A strong indicator at Ashumet Valley is the presence of cis-1,2-
dichloroethylene (cis-1,2-DCE) (Bouwer, 1994), a product of TCE reduction, which has
been detected at significant levels in several of the monitoring wells.
4.2 Research Objectives
The objectives of this study were to (1) define the source of PCE and TCE
contamination in the Ashumet Valley Plume, and to (2) evaluate the potential for natural
attenuation of TCE and PCE. Initial studies performed in the early to mid-1980's (E.C.
Jordan, 1986; E.J. Flynn, 1985; Metcalf& Eddy, 1983) concluded that the sewage
treatment plant was the main source of contamination. More recent studies do not
differentiate between sources, but discuss analytical data without consideration for the
two sources (ABB, 1995; OpTech, 1996). The plumes can be separated by comparing the
treatment plant effluent constituents with the spatial distribution of TCE and PCE in the
plumes.
Field studies have shown that PCE and TCE can be biologically degraded in an
anaerobic environment (Hinchee, 1995c; Weidemeier et al., 1996b) under conditions
discussed in Section 4.3.1. Because there are anoxic zones within the STP plume, in
addition to an abundance of nutrients, natural attenuation of TCE and PCE in the STP
plume appears likely. Consequently, this portion of study include a discussion of the
degree to which natural attenuation will remediate these contaminants.
4.3 Natural Attenuation
Before a meaningful discussion of natural attenuation can be undrtaken,
some understanding of the mechanisms and conditions under which it can be applied
must first be achieved. The Air Force Center for Environmental Excellence (AFCEE) has
distributed a protocol (Weidemeier, et al., 1996b) for evaluating the feasibility of natural
attenuation, should other indicators suggest significant biodegradation. Three lines of
evidence are used to demonstrate that degradation of site contaminants is occurring at
rates sufficient to be protective of human health and the environment. These lines of
evidence are:
1) Documented loss of contaminants at the field scale
2) Contaminant and geochemical analytical data, and
3) Direct microbiological evidence.
If analysis of collected data shows that these criteria cannot be met, then it is
unlikely that natural attenuation can be used as a remedial strategy.
4.3.1 Biodegradation Mechanisms
Biodegradation of fuel hydrocarbons has been well documented as a viable
remediation approach in recent years (Hinchee, et al., 1994; Hinchee, 1995b; Hinchee,
1995c; Weidemeier et al., 1996a; EPA, 1996; Madsen, 1991). The process is mainly
limited by the availability of electron acceptors. Biodegradation of compounds such as
benzene, toluene, ethylbenzene, and xylenes (BTEX) generally proceeds until all the
contaminants are destroyed. However, in the case of chlorinated solvents, biodegradation
under natural conditions occurs via reductive dechlorination, a process which requires
both electron acceptors, which include chlorinated aliphatic compounds, and an adequate
supply of electron donors (Weidemeier, et al., 1996b). Murray and Richardson (1993)
showed that micro-organisms are believed to be incapable of growth using TCE and PCE
as a primary substrate. It is common for fuel hydrocarbons or other types of carbon, such
as organic carbon in sewage, to serve as electron donors (Weidemeier, et al., 1996b).
Biodegradation of chlorinated compounds occurs through three different
pathways: (1) use as an electron acceptor, (2) use as an electron donor, or (3) co-
metabolism. Co-metabolism is a process where the contaminant is degraded as a by-
product of other biodegradation processes and has no known benefit to the
microorganism (Weidemeier et al., 1996b). Evaluation of electron acceptors and donors
and their distribution can provide evidence for whether and how chlorinated compounds
are being degraded. For example, co-metabolism often occurs during biodegradation of
BTEX in aerobic environments. Therefore, the amount of oxygen present in the
subsurface coupled with the presence of BTEX and a significant loss of chlorinated
compounds could suggest that biodegradation of the chlorinated compounds is occurring.
Reductive dechlorination is the fastest process for degrading chlorinated
compounds. Compared to biodegradation of fuel hydrocarbons, whereby the
microorganisms degrade the fuel compounds to obtain carbon, chlorinated compounds
are used as electron acceptors. Reductive dechlorination occurs as a sequential process.
PCE degrades to TCE as the first chlorine atom is replaced by a hydrogen atom.
Theoretically, all three isomers of Dichloroethylene (DCE) are produced by
dechlorination of TCE, however, cis-1,2-DCE is the most common intermediate product
than trans-1,2-DCE and 1,1-DCE (Bouwer, 1994). Cis-1,2-DCE is degraded to vinyl
chloride (VC), which is degraded to ethylene.
Weidemeier, et al. (1996a) estimated a rate constant for reductive dechlorination
of TCE under reductive dechlorination conditions of 1.2 per year. Wilson, et al. (1996)
show that rate constants for TCE of up to 3.7 per year can be achieved in microcosm
studies. These rates are relatively rapid compared to co-metabolism of the more highly
chlorinated compounds. DuPont, et al. (1996) estimated a rate constant for
dechlorination under co-metabolism conditions of TCE at Eielson Air Force Base of 0.18
per year, and Ellis, et al. (1996) estimated a rate constant for TCE at Dover Air Force
Base of 0.25 per year and 0.29 per year for PCE, where processes other than reductive
dechlorination account for the majority of degradation.
Studies have shown that the rate of biodegradation via reductive dechlorination
decreases as the degree of chlorination increases (Weidemeier, et al., 1996b; Ellis, et al.,
1996). It follows that PCE has been shown to be the most susceptible to dechlorination
because it is the most chlorinated, and VC the least susceptible. In addition, the most
rapid biodegradation rates affecting the widest range of compounds occur under
methanogenic conditions (Bouwer 1994).
The second pathway for degrading chlorinated compounds is their use as electron
donors (Weidemeier et al., 1996b). In contrast to first pathway, only chlorinated
compounds which are less chlorinated, such as cis-1,2-DCE and VC, can be used as a
primary substrate for microorganism growth. In this situation, the microorganisms
facilitate a redox reaction between electron acceptors, such as dissolved oxygen or nitrate,
and the chlorinated compound, obtaining energy from the degraded chlorinated
compound. This reaction is similar to that for biodegradation of fuel compounds (e.g.,
BTEX). Studies in this area have shown that VC will degrade under aerobic conditions,
and that cis-1,2-DCE will degrade under aerobic or anaerobic conditions (Weidemeier et
al., 1996b).
A third mechanism for biodegradation of chlorinated compounds is co-
metabolism. In this case, enzymes or other factors produced by the organisms for other
purposes act as catalysts for the degradation of chlorinated compounds. This process has
been documented more often for aerobic environments, although it can occur under
anaerobic conditions as well (Murray and Richardson, 1993; Vogel, 1994; McCarty and
Semprini, 1994). Co-metabolism often occurs under an environment in which BTEX are
the primary substrates undergoing direct biodegradation. Chlorinated compounds that are
present in this environment are fortuitously degraded at the same time as the BTEX
compounds. Generally, it has been observed that the co-metabolism rate increases as the
degree of chlorination decreases (Weidemeier et al., 1996b).
These three approaches for the degradation of chlorinated compounds produce
three different types of plume behavior under field conditions. Weidemeier et al. (1996a)
discuss three types of behaviors for chlorinated compounds that have been observed and
documented in the field. Type 1 behavior occurs when the primary substrate is
anthropogenic carbon such as BTEX or landfill leachate. In this case, the carbon is the
limiting factor driving biodegradation rates. This type of behavior results in the most
rapidly observed degradation rates for the highly chlorinated constituents including PCE,.
TCE, and cis-1,2-DCE (Weidemeier, et al., 1996b).
Type 2 behavior occurs in areas characterized by high concentrations of
biologically available natural organic carbon, which drives the rate of dechlorination.
This type of behavior generally results in slower degradation rates of PCE, TCE, and cis-
1,2-DCE.
A third type of behavior is dominant in areas with low concentrations of either
organic or anthropogenic carbon and by dissolved oxygen (DO) concentrations greater
than 1.0 milligrams per liter. Under these aerobic conditions, reductive dechlorination
will not occur. Physical transport mechanisms such as advection, dispersion, and
sorption are the primary mechanisms for attenuation in this case. However, VC can be
rapidly oxidized under aerobic conditions (McCarty and Semprini, 1994).
A plume containing chlorinated compounds may exhibit all three types of
behavior at different locations. Ideally, more than one type of plume behavior is desired
to biodegrade both the source contaminants and daughter products. The most favorable
situation is one in which PCE, TCE, and cis-1,2-DCE are reductively dechlorinated near
the source (type 1 or 2 behavior) and VC is oxidized downgradient (type 3 behavior). In
this situation, VC does not accumulate, since it is oxidized relatively rapidly into carbon
dioxide. A less ideal scenario involves reductive dechlorination of the chlorinated
compounds via type 1 or type 2 behavior. In this situation, VC is reduced to ethylene
instead of carbon dioxide at a slower rate than PCE and TCE degradation, and may tend
to accumulate.
5. METHODOLOGY
A mass balance approach was used to determine whether all the existing TCE and
PCE masses in the groundwater can be explained by the STP source. Mass resulting
from source inputs were compared to existing plume mass to determine whether a loss of
contaminants could be documented.
Source inputs were estimated using a number of assumptions about usage of TCE
and PCE at the MMR. To compare input contaminant mass with existing mass in the
groundwater, a reasonably reliable estimate of the contaminant mass input over time, or
source function, must be made. This estimate was based on several assumptions: (1) the
TCE and PCE mass infiltration rates over time were continuous, (2) TCE and PCE
discharge rates were proportional to the rates of production for these chemicals (in the
United States), (3) the STP discharge concentrations of TCE and PCE are similar to other
secondary treatment effluent discharge concentrations, and (4) the sewage treatment plant
was the primary source of discharge as opposed to the FTA-1 source. Concentrations
over time were multiplied by flow rates to obtain mass discharge over time. The mass
discharge values were then summed to yield an estimate of the total mass discharged
from the STP. Source mass estimates were compared to historical data to verify the
accuracy of the estimates.
Existing contaminant mass in the plume was estimated from isoconcentration
contours, which can be generated from analytical data. The most abundant data were
available for the period from 1993 through 1995 (Operations Technology, 1996; ABB,
1995; USGS, 1995). Iso-concentration contours were plotted on a cross-section or plan
view. Cross-sectional areas within each contour were measured and multiplied by plume
width to estimate a volume within each contour. These volumes were multiplied by
isoconcentration contour values and summed to obtain an estimate of total contaminant
mass.
In addition, non-degradable constituents, such as boron, were discharged from the
wastewater treatment plant (Walter et al., 1995 and 1996). If the distribution of TCE and
PCE corresponds to the distribution of boron, then it can be concluded that the source of
these contaminants is the STP. Specific conductivity of groundwater was also shown to
increase in the presence of wastewater discharge (Walter et al., 1995 and 1996).
Therefore, a significant increase in specific conductivity corresponding to the distribution
of TCE and PCE is another indicator that the STP is the source of these contaminants.
6. RESULTS
6.1 Mass Balance Calculations
6.1.1 Source Function
In order to estimate the source function, three pieces of information were used.
First, production curves for TCE and PCE over time were tabulated (Chemical
Encyclopedia, 1991). Figure 6-1 shows TCE and PCE production carves for the United
States from 1950 to 1990. Intermediate points were linearly interpolated to obtain values
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Figure 6-1. Production Quantities of PCE and TCE in the United States
(adapted from Chemical Encyclopedia, 1991)
for each year between 1952 and 1980 (source function calculations can be found in
Appendix A).
Second, estimates of TCE and PCE discharge concentrations were based on the
assumption that discharge concentrations of TCE and PCE from the STP could be
compared to average discharge concentrations for comparable treatment sewage treatment
plants. For TCE, Helz and Hsu (1978) showed that effluent concentrations for non-
chlorinated effluent from secondary treatment plants were between 8.5 ppb (1974 data)
and 30 ppb (1978 data). For 1974, a value of 8.5 was matched to the production curve for
that year, and, assuming linear proportionality to production, concentration values for
each year were extrapolated to estimate concentrations discharged over time. Similarly,
this calculation was performed for 30 ppb in 1978 to produce a second estimate of the
time varying concentration curve. A similar analysis can be made for PCE, using values
between 3.8 ppb (1974 data) and 60 ppb (1978 data). Figure 6-2 shows the resulting
concentration curves for TCE and PCE based on the 1978 data.
The third piece of information needed for estimating the source function is sewage
flow rates, which were documented by the USGS (LeBlanc, 1984b). Figure 6-3 shows
___ _
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Figure 6-2. Yearly Estimated Concentrations of TCE and PCE Discharged
from the STP
volumes of sewage treated at the STP between 1936 and 1980 as a function of sewage
flow in million gallons per day (mgd). Concentrations were multiplied by flow rates over
the time period from 1952 through 1980. Total mass discharge per year was then
summed to yield a total mass discharged from 1952 to 1980. Mass estimates using the
process described above for TCE are between 190 and 870 kg, and for PCE are between
50 and 760 kg.
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Figure 6-3. Yearly STP Discharge Flow Rates
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These values can be compared to historical records that show approximate
quantities sent to the STP from various operations (Metcalf & Eddy, 1983). Historical
discharge estimates show that approximately 300 kg of total chlorinated solvents were
sent to the STP. This estimate falls within the range of discharged mass estimated above.
Records from the Massachusetts Department of Environmental Protection (DEP)
indicate that after 1982, there were no discharges of TCE or PCE detected during annual
sampling. These permits show that the effluent discharge was analyzed for volatile
organic compounds as early as 1982. TCE and PCE were not detected above 0.2 ppb in
these effluent samples. Subsequent annual monitoring required by the STP National
Pollution Discharge Elimination System (NPDES) permit, which was issued in 1986
(DEP, 1984), also shows TCE and PCE at non-detect levels for samples collected in
1985. However, PCE was detected at 6 ppb in one of five samples in 1986, at 9.8 ppb in
one of five samples 1987, and at 6.6 ppb in one of five samples 1988 (DEP, 1985; DEP,
1986; DEP, 1987; DEP, 1988). However, these samples were not collected as effluent.
Rather, they were collected in wells located in the disposal beds, which have 40 foot
screens. Concentrations detected in these wells are integrated over long intervals of the
aquifer and may not accurately represent concentrations at the well locations (Hess,
1997). Since the FTA-1 source is located directly upgradient from the STP, it cannot be
determined whether these concentrations are from STP effluent or from the FTA-1 source
without additional data.
6.1.2 Sensitivity Analysis
A sensitivity analysis that uses peak discharge concentrations of 10 ppb, 50 ppb
and 100 ppb shows the range of reasonable discharge amounts for PCE and TCE to the
groundwater (Table 6-1). The first three estimates were made by assuming PCE and TCE
discharges were proportional to national production. The fourth estimate was made by
comparing PCE and TCE discharge concentrations to MMR usage, as described below.
Historical data agree with source input discharge concentrations closer to 10 ppb,.
although 50 ppb as a peak discharge concentrations are also plausible. However,
maximum concentrations found in groundwater wells are 120 ppb of TCE (Well MW-
581B) and 130 ppb of PCE (Well 271).
Table 6-1. Input Function Mass Estimate Sensitivity
Variable Value Contaminant Mass (Kg)
Peak Effluent Conc. 10 ppb TCE 140
based on production PCE 120
Peak Effluent Conc. 50 ppb TCE 680
based on production PCE 600
Peak Effluent Conc. 100 ppb TCE 1400
based on production PCE 1200
Peak Effluent Conc. 10 ppb TCE 160
based on usage PCE 160
One initial assumption was that the PCE and TCE usage at the MMR varied
temporally in a manner proportional to national production rates. However, it is possible
that a more accurate picture could be seen if TCE and PCE usage were tied to MMR
population or activity fluctuations instead. These population fluctuations are best
reflected in the variations in STP discharges, as shown in Figure 6-10. TCE and PCE
mass estimates were accordingly matched to the flow discharge, again assuming linear
proportionality. Accordingly, Table 6-1 also compares a mass estimate that was based on
concentration curves that are proportional to the flow shown in Figure 6-3. For this
analysis, it appears that the peak effluent concentration chosen is more important than
whether the concentration over time is compared to overall United States production of
TCE and PCE or to MMR usage as reflected by the effluent discharge flow.
6.1.3 Existing Mass Estimates
Under contract to the Hazardous Waste Remedial Actions Program (HAZWRAP),.
ABB (1995) completed iso-concentration contours for total solvents in the plume, as
shown in Figure 6-4 through Figure 6-7. Since total solvents in the plume consist
primarily of TCE, PCE, and cis-1,2-DCE (LeBlanc, 1984a; ABB 1995; USGS, 1995),.
estimating TCE plus PCE from these contours is reasonable. Additionally, Operations
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Figure 6-7. Cross Section C-C' (adapted from ABB, 1995)
Technology completed iso-concentration contours for TCE and PCE separately, as shown
in Figures 6-8 through 6-10.
Figures 6-4 and 6-8 show plan views of the location of the cross sections used for
the existing mass estimates. Areas obtained from the cross sections within each contour
were multiplied by plan view plume lengths and applicable concentrations. (Mass
calculations can be found in Appendix B). Volume (and thus mass) estimates were also
obtained from iso-concentration contours for TCE plus PCE concentrations (Barber et al.,
1988). A third estimate was made from separate iso-concentration contours for TCE and
PCE that were generated by Operations Technology (1996). A summary of these mass
estimates is presented in Table 6-2. Note that ABB (1995) does not separate solvents but
shows iso-concentration contours for all solvents in the plume (Figures 6-4 through 6-7)
Table 6-2. TCE and PCE Mass Estimates
Data Source Contaminant Mass in kg
OpTech, 1996 TCE 170
OpTech, 1996 PCE 220
L. Barber, 1988 TCE + PCE 75
ABB 1995 Total Solvents 250
6.2 Boron, Specific Conductance, and Dissolved Oxygen
Since the Ashumet Valley plume originates from two different sources, some
understanding of how much mass came from each source is necessary. In order to
characterize the separation of the two sources, the spatial distribution of boron and
specific conductivity were used to define the boundaries of the STP plume. Barber, et al.
(1988) discuss correlations between boron, a non-degradable product from the STP, and
its relationship to TCE and PCE. Walters and Bussey show that boron concentrations
were in excess of 400 pg/L (ppb by mass) as far downgradient as 1,800 feet, and specific
conductances were greater than 400 iS/cm (at 25*C) as far as 1,200 feet downgradient
Figure 6-11 shows cross sections generated by ABB (1995), with boron and
specific conductivity plotted at each well in an effort to separate the plumes. The boron
and specific conductivity spatial distributions clearly delineate the interface between the
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sewage plume and the FTA-1 plume. Furthermore, an anoxic zone can be seen to
correlate within the core of the sewage plume at a downgradient location corresponding
to cross section C-C' (Figure 6-4). If the length of the plume shown in plan view from
Figure 6-4 is compared to the length shown in plan view from Figure 6-8, it appears that
ABB only plotted iso-concentration contours for about half the plume. Therefore, it is
likely that the error for mass estimates calculated from the ABB cross sections may be
half as much mass as is actually in the STP plume. This factor of two is plausible when
the ABB mass estimates are compared to the mass estimates made from the OpTech iso-
concentration contours (Figures 6-5 through 6-7).
Figure 6-12 shows TCE, PCE and cis-1,2-DCE spatial distributions. Comparison
of the TCE and PCE 1994 analytical data with the boron distribution shows that the TCE
and PCE exist at greater depths than the boron. This agrees with remedial investigation
findings that the solvent plume is descending within the aquifer, but not because it is
descending from the STP surface location. Rather, the plume appears deeper because the
plume is actually the product of two plumes, where the deeper plume from the FTA-1
only consists of solvents.
Although it would be reasonable to assume that only flammable substances were
used at the FTA-1, the historical evidence suggests otherwise. According to historical
usage records at the MMR, waste solvents, which were leftover from cleaning machine
parts and aircraft, were often disposed of in an unknown manner, or just dumped on the
ground near the site where they were used (E.C. Jordan, 1986; Metcalf and Eddy, 1983).
Since flammabilities for TCE and PCE are classified as slight and none, respectively
(OSHA 1997), it is not expected that these chemicals were useful at the FTA-1.
However, mixing TCE and PCE with other chemicals such as jet fuel may
increase their flammability. Large quantities of jet fuel were used in the same locations
as TCE and PCE (E.C. Jordan, 1986; Metcalf and Eddy, 1983), which supports the
plausibility that jet fuel and solvents were mixed in the disposal process. It has been
postulated that the solvents used at the FTA-1, which is directly upgradient of the STP
contribute additional mass of TCE and PCE in the plume, and may be a more significant
source than contaminants discharged from the STP. However, plume mass estimated in
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this study from the FTA-1 after the STP boundaries were defined do not support this
conclusion. Using methods described in Section 6.1.3, the mass contribution from the
FTA-1 plume was estimated to be 10 kg for PCE plus TCE, which is small compared to
the mass of the sewage plume.
6.3 Cis-1,2-DCE
Existing site data at Ashumet Valley documents the presence of cis-1,2-DCE at
concentrations as high as 197 ppb (LeBlanc, 1984b). Although there is no evidence to
support that cis-1,2-DCE was discharged directly to the STP, it may be a degradation
product from other processes. However, its presence is a strong indicator for
biodegradation (Weidemeier et al., 1996b, and Bouwer, 1994). In addition, areas with
low concentrations of TCE and PCE appear to correspond with areas of high
concentrations of cis- 1,2-DCE.
From Figures 6-11 and 6-12, a high cis-1,2-DCE occurs in areas of high specific
conductivity and boron. This indicates that the cis-1,2-DCE is located within the sewage
plume, where there is an abundance of nutrients. In addition, dissolved oxygen (DO)
concentrations, shown on Figure 6-11, demonstrate that areas of low DO generally appear
to have high cis-1,2-DCE concentrations with low PCE or TCE concentrations. These
preliminary indications suggest that biodegradation is occurring within the anoxic zones
in the sewage plume.
Close inspection of the areas where high cis-1,2-DCE occurs, however, shows a
"pocket" of potential degradation in the middle of the plume at the C-C' cross section.
An estimate (using methods described in Section 6.1.3) of the mass of cis-I,2-DCE was
only 30 kg. Although this is a significant enough amount to conclude that biodegradation
is occurring in the anoxic core of the STP plume, it is not enough tojustify a full scale
natural attenuation remediation strategy, since the cis-1,2-DCE represents degradation of
only about 10% of the original TCE discharged to the subsurface.
7. DISCUSSION AND CONCLUSIONS
7.1 Discussion
It should be noted that the small amounts of mass estimated to be discharged
during the time period of interest (see Section 6.1.1) could be a result of several one-time
discharges from the STP without a continuous concentration in the effluent.
Consequently, if effluent discharge concentrations were documented annually or monthly
during the entire operational period of the STP, it is likely that pulse discharges would
not be detected. Therefore, an initial assumption that the discharge of TCE and PCE is
continuous over time may not reflect actual conditions.
7.2 Biodegradation Potential
The results of this study show that the first line of evidence for natural attenuation
(Section 4.3.2), that is, documented loss of contaminants at the field scale, cannot be
clearly supported. From the mass estimate comparisons in Section 6.3, it appears that the
source mass estimate of about 200 kg for either compound (TCE or PCE) is not
significantly different from the mass estimated to be in the groundwater of about 400 kg
of total compounds. Therefore, if the estimates are accurate, the contaminant mass is not
substantially decreasing.
The presence of BTEX in the plume (Metcalf & Eddy, 1983), shows that fuels
may have been discharged to the STP, which suggests that co-metabolism may have been:
a mechanism for biodegradation in the past. Presently, however, the absence of a BTEX
substrates might cause biodegradation rates to be slower compared to rates achieved
during co-metabolism. However, dissolved oxygen levels in the plume are low and may
not have been high enough for biodegradation of BTEX. Additionally, although cis-1,2-
DCE generally degrades to VC, none of the analytical data shows detections for VC.
In the absence of sufficient data, additional analysis is required to determine the
importance of biodegradation to the TCE and PCE mass balances. Existing data have
proved insufficient for use in the BIOSCREENTM model, which is recommended by
AFCEE (Weidemeier et al., 1996) for use as an initial screening tool. If additional
samples were collected according to the AFCEE protocol, which specifies number of
samples and analytical tests to be performed, sufficient data could be obtained to use the
BIOSCREENTM model as an assessment tool. The evidence presented here suggests that
limited biodegradation is occurring in the anoxic zones of the STP plume.
7.3 Conclusions
Mass estimate comparisons show that the source mass is not significantly
different from the mass estimated to be in the groundwater at the present time. Therefore,
if the estimates are accurate, the contaminant mass is not substantially decreasing.
Although cis-1,2-DCE, a product of biodegradation, is present in the groundwater, it is
not present in large enough amounts to support the claim that the plume will remediated
with natural attenuation.
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GLOSSARY
aerobic - containing oxygen and/or nitrate
advection - a mechanism contaminant movement through groundwater via hydraulic
groundwater flow
algae - type of phytoplankton
anaerobic- containing no oxygen or nitrate
anisotropy - directional differences in aquifer properties
anoxic - containing no oxygen
anthropogenic - originating from human activity
biodegradation - degradation of chemicals via microbial activities (microbial
metabolism)
chlorinated organic compound - an organic compound that contains one or more chlorine
molecules in its molecular structure
chlorinated solvent - a solvent that contains one or more chlorine molecules in its
molecular structure
dilution - an increase in the ratio of water mass to chemical mass, resulting in an apparent
decrease in overall concentration
dispersion - a transport mechanisms of chemical mass via movement of molecules
through diffusion processes resulting in an apparent decrease in chemical concentration
degradation - a decrease in chemical concentration caused by chemical or biological
reactions, often accompanied by breakdown products
downgradient - in the direction of decreasing hydraulic head
electron acceptor - a molecule that gains one or more electrons during
reduction/oxidation reactions
electron donor - a molecule that loses one or more electrons during reduction/oxidation
reactions
glacial moraine - loosely packed soils deposited after the retreat of a glacier
granodiorite - bedrock beneath Cape Cod consisting of granite that has been partially
metamorphosed to diorite
hydraulic head - the level to which water will rise, due to potential and kinetic energy of
ground water, in a piezometer that is placed in an aquifer
hydraulic gradient - the change in hydraulic head over distance
hydraulic residence time - the time, on average, in which a particle of water spends in a
particular water body
hydrocarbon - a chemical with a molecular structure that includes hydrogen and carbon
hydrodynamics - the study of water movement
infiltration beds - sandy areas where the treated groundwater is discharged and can
rapidly infiltrate in the soil
ionic - having a net electrical charge
isotherm - measurement made at constant temperature
isoconcentration contour - A map contour delimiting the boundaries of a single
concentration value
limiting nutrient - the element required for organism growth that is present in the least
amount relative to the organism's needs
microorganism - a microscopic organism that (in the context of this report) can be found
living in the pore water of the subsurface environment
methanogenic - a condition of ground water whereby, in the absence of other (preferred)
electron acceptors, carbon dioxide is used as an electron acceptor to produce methane via.
biologic activity
natural attenuation - a remediation technology which utilizes natural microbial activity to
degrade groundwater contaminants
nutrient - elements and compounds necessary for biological processes to occur
organic - containing the elements carbon and hydrogen
oxide - pure specie associated with one or several oxygen
oxidized - during reduction/oxidation reactions, the loss of one or more electrons
plume - an area of pollution in any environmental medium
pump and treat - a remediation method whereby ground water is pumped from one or
several wells and treated at the surface
reduced - during reduction/oxidation reactions, the gain of one or more electrons
reductive dechlorination - a degradation process whereby a chlorinated organic
compound is reduced via the removal of one or more chlorine atoms from molecular
structure
remediation - clean-up or restoration of contaminated site
respiration - consumption of oxygen for biological processes
retardation - physical phenomenon where the transport of a chemical specie in the soil is
retarded
substrate - nutrients and organics substances utilized by microorganisms for growth
steady state - when conditions are not significantly changing over time
stratigraphy - layering of subsurface
substrate - nutrients and organics substances utilized by microorganisms for growth
till - densely packed glacial deposits
unsaturated zone (vadose zone) - zone situated above the water table
vertical gradient - a hydraulic gradient in the vertical direction
volatile organic compound - an organic compound (see definition above) that also has a.
high tendency to exist in the gaseous phase
APPENDIX A
SOURCE FUNCTION
AND SENSITIVITY ANALYSIS
CALCULATIONS
Est Source Function 1974
Total Prod (tons x 1000) Effluent Conc (ppb)
TCE PCEYear
1940
1945
1950
1952
1953
1954
1955
1956
1957
1958
1959
19602
1961
1962
19633
19643
1965
1966
19673
19683
1969
1970
19713
19723
19733
1974
1975
1976
19773
1978
19793
1980
19813
1982
19823
1984
1985
1986
1987
1988
1989
1990
1940
1945
1950
1952
1953
1954
1955
1956
1957
1958
1959
1960
1961
1962
1963
1964
1965
1966
1967
1968
1969
1970
1971
1972
1973
1974
1975
1976
1977
1978
1979
1980
1981
1982
1982
1984
1985
1986
1987
1988
1989
1990
TCE PCE
7.1
7.81
9.94
7.81
9.23
8.52
7.455
9.23
8.52
8.52
9.23
9.514
9.798
9.94
8.52
11.644
12.496
13.348
14.2
12.78
11.36
9.94
8.52
7.1
6.958
6.816
6.674
6.532
6.39
5.893
5.396
4.899
4.402
3.905
3.905
4.615
1.1
1.2
1.2
1.3
1.5
1.7
1.9
2.1
2.3
2.5
2.7
2.9
3.1
3.3
3.5
3.7
3.8
3.7
3.6
3.7
3.8
3.9
4
3.5
3
3
3
2.5
2
2.45
Floet P -tp1 So! rce per yr in kg
MGD
1.75
1.00
0.25
0.25
0.25
0.25
0.30
0.35
0.40
0.45
0.60
0.60
0.70
0.70
0.70
0.70
0.70
0.70
0.60
0.60
0.55
0.45
0.45
0.4
0.4
0.25
0.25
0.45
0.45
0.45
0.70
0.70
TOTAL
'LeBlanc, Movement and Fate of Solutes... open file report 84-475, Figure 3
2Average value for TCE from two different estimates
3Inferred values
TCE PCE
2.53
2.78
3.54
3.34
4.60
4.85
4.78
7.88
7.28
8.49
9.20
9.48
9.76
9.90
8.49
9.95
10.67
10.45
9.10
8.19
6.47
5.66
3.03
2.53
4.46
4.37
4.28
6.51
6.37
0.43
0.50
0.63
0.64
1.02
1.02
1.30
1.49
1.69
1.89
2.09
2.29
2.14
2.31
2.27
1.99
2.11
1.99
2.11
1.35
1.32
2.31
2.37
2.43
3.89
3.99
Scurce per yr in Moles
TCE PCE
19.29
21.22
27.00
25.46
35.10
37.03
36.45
60.18
55.55
64.81
70.21
72.37
74.53
75.61
64.81
75.92
81.47
79.77
69.44
62.49
49.38
43.20
23.15
19.29
34.02
33.33
32.64
49.69
48.61
135.3
161.7
196.6
158.1
173.1
168.9
147.6
180.1
168.4
154.6
178.0
184.5
191.0
197.5
213.5
229.5
245.5
261.5
277.6
248.7
219.8
190.9
162.0
133.0
130.6
128.2
125.8
123.4
121.1
112.8
104.5
96.2
87.9
79.5
77.3
88.6
2.57
3.00
3.77
3.86
6.17
6.17
7.80
9.00
10.20
11.41
12.61
13.81
12.86
13.89
13.68
11.96
12.73
12.01
12.69
8.15
7.93
13.89
14.28
14.66
23.41
24.01
287
moles
89.0
92.8
98.3
93.7
101.5
104.7
112.6
129.6
146.6
163.6
180.6
197.6
214.6
231.6
248.6
265.6
282.6
299.6
316.6
333.1
318.3
303.4
318.3
333.4
340.3
347.1
306.2
265.3
262.7
260.0
223.9
187.8
206.8
225.8
218.3
132.3
189 48 1,442
Kg Kg moles
Est Source Function 1978
Year
1940
1945
1950
1952
1953
1954
1955
1956
1957
1958
1959
19602
1961
1962
19633
19643
1965
19663
1967
19683
19693
1970
19713
19723
1973'
1974
1975
1976
1977'
1978
19793
1980
19813
1982
19823
1984
1985
1986
1987
1988
1989
1990
Total Prod (tons x 1000) Effluent Conc (ppb) Flow Rates' Source per yr in kg
1940
1945
1950
1952
1953
1954
1955
1956
1957
1958
1959
1960
1961
1962
1963
1964
1965
1966
1967
1968
1969
1970
1971
1972
1973
1974
1975
1976
1977
1978
1979
1980
1981
1982
1982
1984
1985
1986
1987
1988
1989
1990
TCE
135.3
161.7
196.6
158.1
173.1
168.9
147.6
180.1
168.4
154.6
178.0
184.5
191.0
197.5
213.5
229.5
245.5
261.5
277.6
248.7
219.8
190.9
162.0
133.0
130.6
128.2
125.8
123.4
121.1
112.8
104.5
96.2
87.9
79.5
77.3
88.6
PCE
89.0
92.8
98.3
93.7
101.5
104.7
112.6
129.6
146.6
163.6
180.6
197.6
214.6
231.6
248.6
265.6
282.6
299.6
316.6
333.1
318.3
303.4
318.3
333.4
340.3
347.1
306.2
265.3
262.7
260.0
223.9
187.8
206.8
225.8
218.3
132.3
TCE PCE
32.15
35.37
45.01
35.37
41.80
38.58
33.76
41.80
38.58
38.58
41.80
43.08
44.37
45.01
48.87
52.73
56.58
60.44
64.26
57.83
51.44
45.01
38.58
32.15
31.51
30.86
30.22
29.58
28.94
26.68
24.43
22.17
19.93
17.68
17.68
20.90
15.93
15.93
17.52
15.93
19.11
19.11
20.70
23.89
27.07
30.26
33.44
36.63
39.81
43.00
46.18
49.37
52.55
55.74
58.92
60.52
58.92
57.33
58.92
60.52
62.11
63.70
55.74
47.78
47.78
47.78
39.81
31.85
39.02
41.41
38.22
25.48
MGD
1.75
1.00
0.25
0.25
0.25
0.25
0.30
0.35
0.40
0.45
0.60
0.60
0.70
0.70
0.70
0.70
0.70
0.70
0.60
0.60
0.55
0.45
0.45
0.4
0.4
0.25
0.25
0.45
0.45
0.45
0.70
0.70
TOTAL
1LeBlanc, Movement and Fate of Solutes... open file report 84-475, Figure 32Average value for TCE from two different estimates
3Inferred values
TCE PCE
6.80
7.93
9.97
10.20
16.32
16.32
20.63
23.80
26.98
30.15
33.32
36.50
34.00
36.72
36.16
31.62
33.66
31.74
33.55
21.54
20.97
36.72
37.74
38.76
61.89
63.47
11.44
12.59
16.02
15.10
20.83
21.97
21.63
35.70
32.95
38.44
41.65
42.93
44.21
44.85
48.70
45.04
48.32
47.32
41.16
37.04
29.29
25.63
13.73
11.44
20.18
19.77
19.36
29.47
28.84
866 757
Kg Kg
Source per yr in Moles
TCE PCE
87 34
96.09
122.27
115.30
158.98
167.69
165.08
272.53
251.54
293.46
317.95
327.69
337.50
342.37
371.73
343.79
368.89
361.22
314.22
282.78
223.59
195.64
104.81
87.34
154.08
150.90
147.77
225.00
220.13
6,608
moles
40.97
47.80
60.09
61.45
98.32
98.32
124.27
143.39
162.51
181.63
200.75
219.86
204.84
221.23
217.82
190.50
202.79
191.19
202.11
129.73
126.32
221.23
227.38
233.52
372.81
382.37
4,563
moles
Est Source Function 10 ppb
Total Prod (tons x 1000) Effluent Conc (ppb) Flow Rates' Source per yr in kg
Year
1940
1945
1950
19.52
1953
1954
1955
1956
1957
1958
1959
19602
1961
1962
1963'
19643
1965
19663
19673
1968,
19693
1970
1971
1972'
1973
1974
1975
1976
1977'
1978
1979
1980
1981,
1982
1982
1984
1985
1986
1987
1988
1989
1990
PCE....... - -. -. - E-:÷-
1940
1945
1950
1952 135.3
1953 161.7
1954 196.6
1955 158.1
1956 173.1
1957 168.9
1958 147.6
1959 180.1
1960 168.4
1961 154.6
1962 178.0
1963 184.5
1964 191.0
1965 197.5
1966 213.5
1967 229.5
1968 245.5
1969 261.5
1970 277.6
1971 248.7
1972 219.8
1973 190.9
1974 162.0
1975 133.0
1976 130.6
1977 128.2
1978 125.8
1979 123.4
1980 121.1
1981 112.8
1982 104.5
1982 96.2
1984 87.9
1985 79.5
1986 77.3
1987 88.6
1988
1989
1990
TCE PCE
5
5.5
7
5.5
6.5
6
5.25
6.5
6
6
6.5
6.7
6.9
7
7.6
8.2
8.8
9.4
10
9
8
7
6
5
4.9
4.8
4.7
4.6
4.5
4.15
3.8
3.45
3.1
2.75
2.75
3.25
2.5
2.5
2.75
2.5
3
3
3.25
3.75
4.25
4.75
5.25
5.75
6.25
6.75
7.25
7.75
8.25
8.75
9.25
9.5
9.25
9
9.25
9.5
9.75
10
8.75
7.5
7.5
7.5
6.25
5
6.125
MGD
1.75
1.00
0.25
0.25
0.25
0.25
0.30
0.35
0.40
0.45
0.60
0.60
0.70
0.70
0.70
0.70
0.70
0.70
0.60
0.60
0.55
0.45
0.45
0.4
0.4
0.25
0.25
0.45
0.45
0.45
0.70
0.70
TOTAL
Source per yr in Moles
TCE PCO
1.78
1.96
2.49
2.35
3.24
3.42
3.36
5.55
5.12
5.98
6.48
6.68
6.88
6.98
7.57
7.00
7.52
7.36
6.41
5.77
4.56
3.99
2.14
1.78
3.14
3.07
3.01
4.58
4.48
1.07
1.25
1.57
1.60
2.56
2.56
3.24
3.74
4.23
4.73
5.23
5.73
5.34
5.77
5.68
4.96
5.28
4.98
5.27
3.38
3.29
5.77
5.93
6.09
9.72
9.96
89.0
92.8
98.3
93.7
101.5
104.7
112.6
129.6
146.6
163.6
180.6
197.6
214.6
231.6
248.6
265.6
282.6
299.6
316.6
333.1
318.3
303.4
318.3
333.4
340.3
347.1
306.2
265.3
262.7
260.0
223.9
187.8
206.8
225.8
218.3
132.3
13.58
14.94
19.02
17.93
24.72
26.08
25.67
42.38
39.12
45.64
49.44
50.96
52.48
53.25
57.81
53.46
57.37
56.18
48.90
44.01
34.77
30.43
16.30
13.58
23.96
23.47
22.98
34.99
34.23
1,028
moles
'LeBlanc, Movement and Fate of Solutes... open file report 84-475, Figure 3
2Average value for TCE from two different estimates
3Inferred values
TCO PCE
135 119
Kg Kg
6.43
7.50
9.43
9.65
15.44
15.44
19.51
22.51
25.51
28.51
31.51
34.52
32.16
34.73
34.19
29.91
31.84
30.01
31.73
20.37
19.83
34.73
35.69
36.66
58.53
60.03
716
moles
- -
Est Source Function 50 ppb
Total Prod (tons x 1000) Effluent Conc (ppb)
TCEYear
1940
1945
1950
1952
1953
1954
1955
1956
1957
1958
1959
19602
1961
1962
19633
19643
1965
19663
19673
1968
19693
1970
19713
19723
19733
1974
1975
1976
19773
1978
19793
1980
19813
1982
19823
1984
1985
1986
1987
1988
1989
1990
PCE TCE
89.0
92.8
98.3
93.7
101.5
104.7
112.6
129.6
25
27.5
35
27.5
32.5
35
26.25
32.5
30
30
32.5
Flow Rates' Sourc
PCE MGD
1.75
1.00
.. 0.25
0.25
0.25
0.25
12.5 0.30
12.5 0.35
13.75 0.40
12.5 0.45
15 0.60
15 0.60
16.25 0.70
18.75 0.70
146.6 33.5 21.25
135.3
161.7
196.6
158.1
173.1
168.9
147.6
180.1
168.4
154.6
178.0
184.5
191.0
197.5
213.5
229.5
245.5
261.5
277.6
248.7
219.8
190.9
162.0
133.0
130.6
128.2
125.8
123.4
121.1
112.8
104.5
96.2
87.9
79.5
77.3
88.6
34.5 23.75
35 26.25
38 28.75
41 31.25
44 33.75
36.25
38.75
45 41.25
40 43.75
35
30
25
24.5
24
23.5
23
22.5
46.25
47.5
46.25
45
46.25
47.5
48.75
50
e per yr in kg Source per yr in Moles
TCE PCE TCE PCE
8.90
9.79
12.46
11.74
16.19
19.93
16.82
27.76
25.62
29.89
32.38
5.34
6.23
7.83
8.01
12.81
12.81
16.19
18.68
67.92
74.71
95.08
89.65
123.61
152.13
128.36
211.90
195.60
228.19
247.21
32.16
37.52
47.16
48.24
77.18
77.18
97.54
112.55
0.70 33.38 21.17 254.82 127.56
0.70 34.38 23.67 262.42
0.70 34.88 26.16 266.23
0.70 37.87 28.65 289.05
0.60 35.02 26.69 267.31
142.56
157.57
172.58
160.79
0.60 37.58 28.83 286.87 173.65
0.55 36.80 28.38 280.90 170.97
0.45 32.03 24.82 244.49 149.53
0.45 28.83 26.42 220.04 159.18
0.4 22.78 24.91 173.86 150.07
0.4
0.25
0.25
0.45
0.45
0.45
0.70
0.70
19.93
10.68
8.90
15.69
15.37
15.05
22.92
22.42
26.33
16.90
16.46
28.83
29.63
30.43
48.58
49.82
152.13
81.50
67.92
119.80
117.36
114.91
174.95
171.15
158.64
101.83
99.15
173.65
178.47
183.30
292.63
300.14
20.75 43.75
19 37.5
17.25
15.5
13.75
13.75
16.25
37.5
37.5
31.25
25
30.625
32.5
30
20
1LeBlanc, Movement and Fate of Solutes... open file report 84-475, Figure 3
'Average value for TCE from two different estimates
3lnferred values
163.6
180.6
197.6
214.6
231.6
248.6
265.6
282.6
299.6
316.6
333.1
318.3
303.4
318.3
333.4
340.3
347.1
306.2
265.3
262.7
260.0
223.9
187.8
206.8
225.8
218.3
132.3
595
Kg
5,160
moles
3,582
moles
TOTAL 676
Kg
Est Source Function 100 ppb
Year
1940
1945
1950
1952
1953
1954
1955
1956
1957
1958
1959
19602
1961
1962
19633
19643
1965
19663
19673
19683
19693
1970
19713
19723
19733
1974
1975
1976
19773
1978
19793
1980
19813
1982
19823
1984
1985
1986
1987
1988
1989
1990
Total Prod
TCE
135.3
161.7
196.6
158.1
173.1
168.9
147.6
180.1
168.4
154.6
178.0
184.5
191.0
197.5
213.5
229.5
245.5
261.5
277.6
248.7
219.8
190.9
162.0
133.0
130.6
128.2
125.8
123.4
121.1
112.8
104.5
96.2
87.9
79.5
77.3
88.6
(tons x 1000) Effluent Conc (ppb)
PCE TCE PCE
89.0
92.8
98.3
93.7
101.5
104.7
112.6
129.6
146.6
163.6
180.6
197.6
214.6
231.6
248.6
265.6
282.6
299.6
316.6
333.1
318.3
303.4
318.3
333.4
340.3
347.1
306.2
265.3
262.7
260.0
223.9
187.8
206.8
225.8
218.3
132.3
50
55
70
55
65
60
52.5
65
60
60
65
67
69
70
25
25
27.5
25
30
30
32.5
37.5
42.5
47.5
52.5
76 57.5
82 62.5
88 67.5
94
100
72.5
77.5
90 82.5
80 87.5
70
60
50
49
48
47
46
45
41.5
38
34.5
31
27.5
27.5
32.5
92.5
95
92.5
90
92.5
95
97.5
100
87.5
75
75
75
62.5
50
61.25
65
60
40
1LeBlanc, Movement and Fate of Solutes... open file report 84-475, Figure 3
2Average value for TCE from two different estimates
3Inferred values
Flow Rates' Sour
MGD
1.75
1.00
0.25
0.25
0.25
0.25
0.30
0.35
0.40
0.45
0.60
0.60
0.70
0.70
0.70
0.70
0.70
ce per yr in kg Source per yr in Moles
TCE PCE TCE PCE
17.79
19.57
24.91
23.49
32.38
34.16
33.63
55.52
51.25
59.79
64.77
66.76
68.76
69.75
10.68
12.46
15.66
16.01
25.62
25.62
32.38
37.37
42.35
47.33
52.31
135.83
149.41
190.16
179.30
247.21
260.79
256.72
423.79
391.19
456.39
494.42
509.63
524.85
532.45
64.31
75.03
94.33
96.47
154.36
154.36
195.09
225.10
255.12
285.13
315.14
0.70 75.73 57.30 578.09 345.16
0.60 70.04 53.38 534.63 321.57
0.60 75.16 57.65 573.75 347.30
0.55 73.59 56.76 561.79 341.94
0.45 64.06 49.64 488.99 299.06
0.45 57.65 52.85 440.09 318.36
0.4 45.55 49.82 347.73 300.14
0.4
0.25
0.25
0.45
39.86
21.35
17.79
31.39
52.67
33.81
32.92
57.65
304.26
163.00
135.83
239.60
317.29
203.66
198.30
347.30
0.45 30.75 59.25 234.71 356.95
0.45 30.11 60.85 229.82 366.59
0.70 45.84 97.15 349.90 585.26
0.70 44.84 99.65 342.29 600.27
TOTAL 1,346
Kg
1,189
Kg
10,277
moles
7,164
moles
Est Source Function Using Flow
Year Flow Rates' Effluent Conc (ppb) Source per yr in kg Source per yr in Moles
MGD TCE PCE TCE PCE TCE PCE
1940 1.75
1945 1.00
1950 0.25
1952 0.25 5 1.78 13.58
1953 0.25 5.5 1.96 14.94
1954 0.25 7 2.49 19.02
1955 0.30 5.5 4.3 2.35 1.84 17.93 11.06
1956 0.35 6.5 5 3.24 2.49 24.72 15.01
1957 0.40 5.7 5.7 3.25 3.25 24.78 19.55
1958 0.45 6.4 6.4 4.10 4.10 31.30 24.70
1959 0.60 8.5 8.5 7.26 7.26 55.42 43.73
19602 0.60 8.5 8.5 7.26 7.26 55.42 43.73
1961 0.70 10 10 9.96 9.96 76.06 60.03
1962 0.70 10 10 9.96 9.96 76.06 60.03
19633 0.70 10 10 9.96 9.96 76.06 60.03
19643 0.70 10 10 9.96 9.96 76.06 60.03
1965 0.70 10 10 9.96 9.96 76.06 60.03
19663 0.70 10 10 9.96 9.96 76.06 60.03
19673 0.60 8.5 8.5 7.26 7.26 55.42 43.73
19683 0.60 8.5 8.5 7.26 7.26 55.42 43.73
19693 0.55 7.9 7.9 6.19 6.19 47.21 37.26
1970 0.45 6.4 6.4 4.10 4.10 31.30 24.70
19713 0.45 6.4 6.4 4.10 4.10 31.30 24.70
19723 0.4 5.7 5.7 3.25 3.25 24.78 19.55
19733 0.4 5.7 5.7 3.25 3.25 24.78 19.55
1974 0.25 3.6 3.6 1.28 1.28 9.78 7.72
1975 0.25 3.6 3.6 1.28 1.28 9.78 7.72
1976 0.45 6.4 6.4 4.10 4.10 31.30 24.70
19773 0.45 6.4 6.4 4.10 4.10 31.30 24.70
1978 0.45 6.4 6.4 4.10 4.10 31.30 24.70
19793 0.70 10 10 9.96 9.96 76.06 60.03
1980 0.70 10 10 9.96 9.96 76.06 60.03
TOTAL 164 156 1,249 941
Kg Kg moles moles
'LeBlanc, Movement and Fate of Solutes... open file report 84-475, Figure 3
2Average value for TCE from two different estimates
3lInferred values
STP Discharge Estimates from Historical Data
Area
Current Maint Shop
Former West Truck
Former USAF Main Motor Pool
CAMS Shops
Bldg 156 Degreaser
Engine Shops
AGE Shops
Hangars 124, 126, 128
Perm Field Site Training Hangar
Former NDI Lab
Former Refueling Maint Shop
Former Refueling Maint Shop
Road/ANG Motor Pool
Road/ANG Motor Pool
Current Maint Shop
Hangars 192 and 194
BOMARC
Former ANG Motor Pool
Former USAF Civil Eng./Roads
Engine Rebuild Area
Former NDI Lab
PMEL
Operating
Years
1974-1990
1954-1958
1954-1967
1955-1990
1955-1990
1955-1970
1958-1990
1955-1970
1958-1971
1955-1970
1955-1974
1955-1974
1958-1966
1958-1966
1967-1974
1955-1970
1962-1990
1966-1973
1950-1973
1958-1990
1970-1978
1955-1990
Number of
Vehicles
215
100
200-400
45 (aircraft)
18-21 (aircraft)
2?
20-25
20-25
120
120
600
??
90
300
Contaminant(s)
Halog. solvents-
Halog. solvents
Halog. solvents
TCE, PCE, other
PCE
Halog. solventsSolvents
Solvents
Solvents
TCE
Halog. solvents
JP-4
Halog. solvents
JP-4
Halog. solventsSolvents
TCE, PCE
Unk. solvents
Halog. solvents
Halog. solvents
TCE
TCE
Gallons/
Year
50
30
92
600
10
500
1320
233
1500
6
6
140
69
300
450
0.25
Disposal
DRMO or contract disposal
Dumped along back fence of site
Dumped On Site
Dumped On Site or DRMO disposal
To leaching pit adjacent to Hangar 156
Dumped On Site or to Storm Drains-
To Storm Drain System
Dumped On Site or to Storm Drains-
Aquafarm storm drainage system
bldg. or to aquafarm storm drainage
system
Dumped On Site
??
Dumped along back fence of site
Dumped along back fence of site
Unknown
Unknown
Sanitary Sewer and DRMO disposal
Sanitary Sewer
Sanitary Sewer
TCE
Density
(mg/L)
1.46
1.46
1.46
1.46
1.46
1.46
1.46
1.46
1.46
1.46
1.46
1.46
1.46
1.46
1.46
1.46
1.46
1.46
1.46 1.62
I
1 t
Estimated
Mass of
Solvents
(kg)
19.79
11.87
36.41
237.47
4.27
197.89
522.43
92.22
593.67
173.35
2.37
292.18
PCE
Density
(mg/L)
1.62
1.621.62
1.621.621.62,
1.62
1.62
1.62
1.62
1.62
1.62
1.62
1.62
1.62
1.62
1.62
1.62
1.62
Avg.
Solvent
Density
(g/mL)
1.50
1.50
1.50
1.50
1.50
1.50
1.50
1.50
1.50
1.50
1.50
1.50
1.50
1.50
1.50
1.50
1.501.50
??
,??
ir
|
55.41
8.31
27.31
118.73
173.35
0.10
292.18
28
3125
TCE-
APPENDIX B
EXISTING MASS ESTIMATE
CALCULATIONS
Plume Integrations
Plume Integration, ABB, 1995
Cross -C -- Cross
Sectional Average Sectional Average Cross Average
Area for A-A' Length for Mass Area for B- Length for Mass Sectional Area Length for C Mass Total Mass
(ft2) A-A' (ft) contribution B' (ft2) B-B' (ft) contribution for C-C' (ft2) C' (ft) contribution (kg)
5 ppb 5375 1500 1.14165 17900 2000 5.06928 9250 5000 6.549 12.75993
50 ppb 2500 1500 5.31 1250 2000 3.54 12750 5000 90.27 99.12
100 ppb 1500 1500 6.372 1000 2000 5.664 9750 5000 138.06 150.096
261.97593
FTA-1 mass 7.9
STP mass 254.07593
Plume Integrations
TCE Plume Integration, OpTech, 1996
VOLUME 1, Well 422-Well 271 (Figure 6-9
Length (ft) Width (ft)
750 1012
750 1350
750 1575
750 1800
750 1913
750 2025
750 2138
750 2295
750 2565
750 2880
750 3150
Total Vol.
)
Depth (ft)
28
40
44
46
47
48
50
54
55
54
46
(cu. ft.)=
Volume
(cu. ft.)
21252000
40500000
51975000
62100000
67433250
72900000
80175000
92947500
-1.06E+08
1.17E+08
1.09E+08
8.2E+08
Mass (kg) = (Total vol.) x (conc) x (unit conversion factors) =
VOLUME
Section
VOLUME
Section
2, Well 271-Well 594 (Figure 6-9)
Length (ft) Width (ft) C
1 750 1260
2 750 1485
3 750 1710
4 750 1395
5 750 1035
6 325 720
Total Vol.
3, Well 271-Well 596 (Figure 6-10)
Length (ft) Width (ft)
1 750 855
2 750 2250
3 750 2880
4 750 2160
5 750 1395
Total Vol.
)epth (ft)
40
36
32
28
26
16(cu. ft.) =
)epth (ft)
36
36
30
(cu. ft.) =
Volume (cu. ft.)
3.8E+07
4.0E+07
4.1 E+07
2.9E+07
2.0E+07
3.7E+06
1.7E+08
Volume (cu. ft.)
2.3E+07
6.1E+07
6.5E+07
3.7E+07
2.0E+07
2.1E+08
Section
I
961 68413j 16681
• v
)
Plume Integrations
PCE Plume Integration, OpTech, 1996
VOLUME 1, Well 422-Well 271 (Figure 6-9)
Section Length (ft) W
1 750
2 750
3 750
4 750
5 750
6 750
7 750
8 750
9 750
10 750
11 750
12 750
13 325
Mass (kg = (Total vol.) x (conc)
idth (ft)
1170
1620
1800
1890
2025
2160
2295
2475
2610
2790
2790
3330
3555
Total Vol.
Depth (ft)
23
36
40
42
44
47
52
57
61
63
62
58
48(cu. ft.) --=
Volume
(cu. ft.)
20182500
43740000
54000000
59535000
66825000
76140000
89505000
1.06E+08
1.19E+08
1.32E+08
1.3E+08
1.45E+08
55458000
1.1•E+09
VOLUME 2, Well 271-Well 594 (Figure 6-9)
Section
VULUME 3, VVW
Section
1
2
3
4
5
6
Length (ft)
750
750
750
750
750
325
ell 271-Well
Length (ft)
750
750
750
750
750
325
x (unit conversion factors) =
Vidth (ft)
1350
1710
1890
1800
1440
720
Total Vo
(Figure 6-10)
Width (ft)
810
1890
2610
2520
1890
1170
.
Depth (ft)
42
39
32
22
18
11
i. (cu. ft.) =
Depth (ft)
51
46
42
35
27
18
Total Vol. (cu. ft.)
4
V )lume (cu. ft.)
4.3E+07
5.0E+07
4.5E+07
3.0E+07
1.9E+07
2.6E+06
1.9E+08
Volume (cu. ft.)
3.1 E+07
6.5E+07
8.2E+07
6.6E+07
3.8E+07
6.8E+06
2.9E+08
I
V
• IJ*• I II P ·rI
_1
223.20447
Plume Integrations
Total Solvent Plume Integrations, Barber (1988)
Total Area
(sq. ft.)
20000
66000
92500
Applicable Assi
Area Ave
(sq. ft.) Widt
20000
46000
46500
TOTAL MASS
J..... .. . . .
Area
-10,000 ng
- 1000 ng
- 100 ng
Approx.
Height (m)
20
20
25
Approx.
Length (m)
1000
3300
3700
imed
rage
h(m)
300
300
300
(kg)=
Mass (kg)
60
13.8
1.395
75.195
I
